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COMMUNICATIONS
DOI: 10.1002/cssc.200((will be filled in by the editorial staff)) 
Organocatalytic, asymmetric aldol 
reactions with a sustainable catalyst 
in a green solvent 
Michael North,*[a] Francesca Pizzato[a] and Pedro 
Villuendas[a] 
There is currently considerable interest in organocatalysis[1] as 
this offers the possibility of carrying out key chemical 
transformations without the need for expensive, toxic and scarce 
transition metal or lanthanide metal based catalysts. However, to 
obtain maximum benefit from this approach, the organocatalyst 
should be a readily available natural product or easily prepared 
from a natural product in one or two chemical steps using 100% 
atom economical reactions. Amino acids[2] (most commonly 
proline[3]) and cinchona alkaloid derivatives[4] most readily meet 
this requirement. Another feature of organocatalysed reactions is 
the choice of solvent which should also be sustainable to 
maximise the environmental and economic benefits of the 
approach. Organocatalysed reactions have been carried out in 
water[5] and ionic liquids,[6] though the green credentials of both of 
these solvents have been questioned.[7] In some cases, reactions 
may be carried out solvent free,[8] but in many cases DMF, DMSO, 
acetonitrile or chlorinated solvents are employed.[1-4]  
Cyclic carbonates, especially ethylene carbonate 1 and 
propylene carbonate 2 are starting to attract interest as green 
solvents[9] for metal catalysed reactions.[10] They can be prepared 
by the 100% atom economical reaction between carbon dioxide 
and ethylene or propylene oxide (Scheme 1).[11] The sustainability 
of propylene carbonate is enhanced by the commercialization of a 
low temperature route for the synthesis of propylene oxide from 
propene and hydrogen peroxide;[12] by the development of a 
greener synthesis of hydrogen peroxide[13] and by the 
combination of these processes into a one-pot synthesis of 
propylene oxide from propene, hydrogen and oxygen.[14] In 
addition, it has been shown that in the presence of an appropriate 
catalyst, the reaction between ethylene oxide or propylene oxide 
and carbon dioxide can be achieved at atmospheric pressure and 
room temperature,[15] thus facilitating the use of waste carbon 
dioxide in this process. 
In this manuscript we report for the first time, the use of the 
natural product (S)-proline as an asymmetric organocatalyst in 
conjunction with cyclic carbonates as sustainable solvents. We 
show that under these conditions, catalysis of 100% atom 
economical cross-aldol reactions can be achieved with high 
diastereo- and enantioselectivities. 
Scheme 1. Synthesis of cyclic carbonates from epoxides and CO2 
As a test reaction, the (S)-proline catalysed cross-aldol 
reaction between cyclohexanone and 4-nitrobenzaldehyde was 
selected (Scheme 2). The reaction was first carried out in 
DMSO[16] to provide comparison data. When distilled anhydrous 
DMSO was employed as solvent, no product was obtained (Table 
1, entry 1). However, addition of four equivalents of water to the 
reaction mixture resulted in formation of a 91% yield of aldol 
products 3a and 4a, favouring (7.8:1) the anti-isomer 3a. Both 
diastereomers were enantiomerically enriched with the major, 
anti-isomer 3a being formed in a respectable 89% enantiomeric 
excess (Table 1, entry 2). 
Scheme 2. (S)-Proline catalysed cross-aldol reactions involving cyclohexanone 
Table 1. (S)-Proline catalysed synthesis of aldol products 3a and 4a[a] 
Entry Solvent[b] (S)-proline 
(mol%)[c] 
Water 
(equiv.)[c] 
Yield 3a:4a[d] 3a 
(ee)[e] 
4a 
(ee)[e] 
1 DMSO 10 0 0 - - - 
2 DMSO 10 4 91 7.8:1 89 50 
3 PC 10 0 45 1:1 74 40 
4 PC 10 1 83 7.9:1 98 88 
5 PC 10 2 63 4.3:1 96 41 
6 PC 10 3 57 2.6:1 96 90 
7 PC 10 6 12 - - - 
8 PC 10 8 8 - - - 
9 PC 20 2 71 5.8:1 97 2 
10 PC[f] 30 4 72 2.0:1 95 29 
11 EC 10 1 92 9:1 98 91 
12 EC 10 0 6 2:1 - - 
[a] All reactions were carried out for 24 hours at room temperature with two 
equivalents of cyclohexanone relative to 4-nitrobenzaldehyde. [b] PC = distilled 
propylene carbonate, EC = ethylene carbonate. [c] Relative to 4-
nitrobenzaldehyde. [d] Consistent diastereoselectivities were obtained by 1H 
NMR spectroscopy and by HPLC. [e] Determined by chiral HPLC using a 
Chiralpak AD-H column (25 cm by 4.6 mm) with hexane/iPrOH (95:5) as 
solvent, a flow rate of 0.5ml/min and UV detection at 254nm: retention times 
were 70 (minor) and 98 (major) minutes for 3a and 49 (major) and 63 (minor) 
minutes for 4a. The major enantiomers had S,R and S,S-configurations 
respectively (as shown in Scheme 2) based on correlation of the HPLC 
retention times with literature data.[8,16-18] [f] Reaction time 60 hours. 
Use of anhydrous propylene carbonate as solvent was more 
effective than use of anhydrous DMSO, though the yield, 
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diastereoselectivity and enantioselectivities were all still 
unsatisfactory (Table 1, entry 3). Addition of one equivalent of 
water (relative to the amount of 4-nitrobenzaldehyde) had a 
remarkably positive effect on all the reaction parameters (Table 1, 
entry 4). The chemical yield increased to greater than 80% with 
the diastereomeric ratio (7.9:1) equal to that obtained in wet 
DMSO. The enantioselectivities were significantly higher than 
those obtained in wet DMSO, reaching 98% for the major, anti-
diastereomer.[16,17] However, the amount of water added to 
propylene carbonate was critical since addition of increasing 
amounts (two to eight equivalents) resulted in a steady drop in 
both the chemical yield and diastereoselectivity, though the 
enantiomeric excess of the major diastereomer (3a) was 
essentially unaffected by the amount of water (Table 1, entries 5-
8). Increasing the amount of organocatalyst used to 20 or 30 
mol% did not result in an increase in yield or stereoselectivity, 
though this is probably due to the need to increase the amount of 
water added to the reactions (to two and four equivalents 
respectively) in order to dissolve the proline (Table 1, entries 9-
10). Finally, use of ethylene carbonate as solvent resulted in a 
significant improvement in both chemical yield and 
diastereoselectivity (Table 1, compare entries 4 and 11). This is 
probably due to the greater polarity of ethylene carbonate 
compared to propylene carbonate which will help with solubilizing 
the catalyst and stabilizing charged intermediates, though the 
presence of some water was again essential (Table 1, entry 12). 
 
Table 2. (S)-Proline catalysed synthesis of aldol products 3b-f and 4b-f[a] 
Entry Solvent[b] Aldehyde Yield 3:4[c] 3 (ee)[d] 4 (ee)[d] 
1 PC PhCHO 12 4.4:1 56 77 
2 PC PhCHO 47[e] 4.5:1 80 67 
3 EC PhCHO 44 16:1 99 89 
4 PC 4-BrC6H4CHO 18 4.7:1 96 89 
5 PC 4-BrC6H4CHO 60[e] 4.8:1 96 80 
6 EC 4-BrC6H4CHO 47 13:1 95 87 
7 PC 4-F3CC6H4CHO 49 4.7:1 93 68 
8 EC 4-F3CC6H4CHO 86 9:1 98 89 
9 PC 3-O2NC6H4CHO 22 7.4:1 92 92 
10 EC 3-O2NC6H4CHO 89 7.8:1 99 88 
11 PC C6F5CHO 98 100:0 98 - 
12 EC C6F5CHO 99 100:0 98 - 
[a] All reactions were carried out for 24 hours (unless specified otherwise) at 
room temperature with two equivalents of cyclohexanone relative to aldehyde 
using 10 mol% of (S)-proline and with one equivalent of water added to the 
reaction mixture. [b] PC = distilled propylene carbonate, EC = ethylene 
carbonate. [c] Consistent diastereoselectivities were obtained by 1H NMR 
spectroscopy and by HPLC. [d] Determined by chiral HPLC using a Chiralpak 
AD-H column (25 cm by 4.6 mm) with hexane/iPrOH as solvent, a flow rate of 
0.5ml/min and UV detection at 210-254nm. The major enantiomers had S,R and 
S,S-configurations respectively (as shown in Scheme 2) based on correlation of 
the HPLC retention times with literature data.[8,17,18] [e] Reaction time 6 days. 
Having selected 10 mol% of (S)-proline and one equivalent of 
water as the optimal reaction conditions, the extension of this 
chemistry to the aldol reaction between cyclohexanone and other 
aromatic aldehydes was investigated (Scheme 2). Results are 
tabulated in Table 2. In line with work in other solvents,[1-3] the 
best substrates were found to be electron deficient aldehydes. 
Thus, in propylene carbonate, benzaldehyde gave a low yield and 
poor enantioselectivity (Table 2, entry 1), though these could be 
improved significantly by extending the reaction time (Table 2, 
entry 2). However, the best results were again obtained using 
ethylene carbonate as solvent (Table 2, entry 3). This not only 
improved the chemical yield, but gave excellent levels of both 
enantio- and diastereoselectivity. 4-Bromobenzaldehyde 
displayed a similar trend in chemical yield and diastereoselectivity 
between the two solvents (Table 2, entries 4-6), though for this 
substrate a similar, high level of enantioselectivity was observed 
in all reactions. 
4-Trifluoromethylbenzaldehyde gave a significantly better 
chemical yield in propylene carbonate than either benzaldehyde 
or 4-bromobenzaldehyde (Table 2, entries 1,4,7), but again the 
yield obtained in ethylene carbonate was better still (Table 2, 
entry 8). The diastereoselectivity and enantioselectivity were also 
better in ethylene carbonate than in propylene carbonate. For 3-
Nitrobenzaldehyde, the chemical yield again increased 
dramatically on changing the solvent from propylene to ethylene 
carbonate, though in this case only a slight increase in 
diastereoselectivity and in the enantioselectivity of the anti-
diastereomer was observed (Table 2, entries 9 and 10). The best 
results however, were obtained with pentafluorobenzaldehyde as 
substrate (Table 2, entries 11 and 12). Even with propylene 
carbonate as the solvent, anti-product 3f was formed as a single 
diastereomer in quantitative yield and with 98% enantiomeric 
excess.[17] In this case, identical results were obtained in ethylene 
carbonate. In general, the results for the formation of aldol 
adducts 3/4a-f were comparable with, or better than, those 
reported in the literature for proline catalysed reactions under a 
range of different reaction conditions.[8,18]  
To extend the scope of this reaction beyond cyclohexanone 
as the enamine precursor, aldol reactions between acetone and 
aromatic aldehydes were investigated (Scheme 3). The reaction 
was again optimized by reactions using 4-nitrobenzaldehyde to 
give aldol product 6a,[17] results being tabulated in Table 3. In this 
case, the addition of water to the reaction mixture was found to 
be counterproductive and best results (100% yield, 61% ee) were 
obtained when eight equivalents of acetone were used in 
anhydrous propylene carbonate (Table 3, entry 6). Also in this 
case, the use of ethylene carbonate as solvent was not beneficial 
to the enantioselectivity (Table 3, entry 7). 
Having optimized the reaction conditions for use of acetone 
as the enamine precursor, aldol reactions involving five other 
aromatic aldehydes were carried out under the same conditions 
to give hydroxyketones 6b-e (Table 4).[17,20] Electron deficient 
aldehydes again gave the highest chemical yields and 
pentafluorobenzaldehyde gave the best asymmetric induction. In 
contrast to the results obtained using cyclohexanone as the 
enamine precursor however, with acetone as the substrate, 
comparable chemical yields and enantioselectivities were always 
obtained in ethylene and propylene carbonates. The yields and 
enantioselectivities obtained in Tables 3 and 4 compare 
favourably with those obtained in conventional solvents such as 
DMSO and DMF[18,19] or under solvent free conditions.[8] 
Scheme 3. (S)-Proline catalysed cross-aldol reactions involving acetone 
The differing results obtained in propylene and ethylene 
carbonates can be explained on the basis of the significantly 
different dielectric constants of propylene and ethylene carbonate 
(65 and 90 respectively[20]) and the differing amounts of 
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cyclohexanone and acetone employed. Proline catalysed aldol 
reactions generally require a polar reaction medium, so solvents 
such as DMF or DMSO[1-4] are used to stabilise the transition 
states. Hence, ethylene carbonate is the solvent of choice 
(accelerating the rate of the proline-catalysed reaction relative to 
the background reaction, thus giving higher yields and 
stereoselectivities) when using a very non-polar ketone such as 
cyclohexanone as the enamine precursor. However, the reactions 
with acetone as the enamine precursor employ eight equivalents 
of acetone (as opposed to two equivalents of cyclohexanone) and 
this constitutes a third of the reaction mixture. Thus, the effect of 
the cyclic carbonate polarity difference between ethylene and 
propylene carbonates is greatly diminished and comparable 
results are obtained in both solvents.  
 
Table 3. (S)-Proline catalysed synthesis of aldol product 6a[a] 
Entry Solvent[b] Acetone 
(equiv.)[c] 
(S)-proline 
(mol%)[c] 
Water 
(equiv.)[c] 
Yield 6a 
(ee)[d] 
1 PC 2 10 0 37 - 
2 PC 2 10 1 28 - 
3 PC 2 10 2 27 - 
4 PC 2 20 2 29 - 
5 PC 4 10 0 58 66 
6 PC 8 10 0 96 61 
7 EC 8 10 0 97 58 
[a] All reactions were carried out for 24 hours at room temperature. [b] PC = 
distilled propylene carbonate, EC = ethylene carbonate. [c] Relative to 4-
nitrobenzaldehyde. [d] Determined by chiral HPLC using a Chiralpak AS-H 
column (25 cm by 4.6 mm) with hexane/iPrOH (70:30) as solvent, a flow rate of 
0.5ml/min and UV detection at 254nm. The major enantiomer had R-
configuration based on comparison of its specific rotation and correlation of the 
chiral HPLC retention times with literature data.[8,17-19] 
Table 4. (S)-Proline catalysed synthesis of aldol products 6b-e[a] 
Entry Solvent[b] Aldehyde Yield 6b-f (ee)[c] 
1 PC PhCHO 58 60 
2 EC PhCHO 72 62 
3 PC 4-BrC6H4CHO 76 75 
4 EC 4-BrC6H4CHO 71 69 
5 PC 4-F3CC6H4CHO 94 73 
6 EC 4-F3CC6H4CHO 95 76 
7 PC 3-O2NC6H4CHO 84 55 
8 EC 3-O2NC6H4CHO 95 65 
[a] All reactions were carried out for 24 hours at room temperature with eight 
equivalents of acetone relative to aldehyde using 10 mol% of (S)-proline. [b] PC 
= distilled propylene carbonate, EC = ethylene carbonate. [c] Determined by 
chiral HPLC using a Chiralpak AD-H (6b,e) or AS-H (6c,d) column  (25 cm by 
4.6 mm) with hexane/iPrOH as solvent, a flow rate of 0.5-1ml/min and UV 
detection at 210-254nm. The major enantiomer had R-configuration based on 
comparison of its specific rotation and correlation of the chiral HPLC retention 
times with literature data.[8,17-19] 
In conclusion, we have shown that cyclic carbonates can be 
used as solvents for proline catalysed aldol reactions. Good 
chemical yields can be obtained along with excellent levels of 
stereocontrol using relatively low amounts of catalyst. The results 
are comparable with and in some cases better than those which 
have been reported under other reaction conditions. 
Experimental Section 
General procedure for aldol reactions on cyclohexanone: To a 
mixture of (S)-proline (10 mol%) and aldehyde (1 mmol) was added 
propylene or ethylene carbonate (1 ml), cyclohexanone (2 mmol) and 
water (1 mmol) under an inert atmosphere. The resulting mixture was 
stirred at room temperature for 24 h. The reaction mixture was then 
poured into brine (5 ml) and water (5 ml) and extracted with diethyl 
ether (10 ml). The organic phase was washed with water (3x10 ml), 
dried (Na2SO4) and the solvent removed in vacuo. The residue at this 
stage was analysed by NMR to obtain the diasteroselectivities. The 
residue was then purified by evaporation of benzaldehyde in vacuo to 
give 3/4a or by column chromatography on silica gel (gradient from 
hexane/EtOAc 4:1to 1:1) to give aldol products 3/4b-f. 
General procedure for aldol reactions on acetone: To a mixture of 
(S)-proline (10 mol%) and aldehyde (1 mmol) was added propylene or 
ethylene carbonate (1 ml) and dry acetone (8 mmol) under an inert 
atmosphere. The resulting mixture was stirred at room temperature 
for 24 h. The reaction mixture was then poured into brine (5 ml) and 
water (5 ml) and extracted with diethyl ether (10 ml). The organic 
phase was washed with water (3x10 ml), dried (Na2SO4) and the 
solvent removed in vacuo. The residue was then purified by column 
chromatography on silica gel (hexane/EtOAc gradient from 4:1 to 1:1) 
to give aldol products 6a-e. 
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COMMUNICATION 
Cyclic carbonates (ethylene and propylene carbonate) make excellent, sustainable 
solvents for (S)-proline catalysed cross-aldol reactions between ketones and 
aromatic aldehydes. With cyclohexanone as the enamine precursor, much better 
results were obtained in ethylene carbonate whilst with acetone as the enamine 
precursor, similar results were obtained in both solvents. 
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+ ArCHO
(S)-proline (10 mol%)
cyclic carbonate / H2O
(solvent), r.t., 24 h
O
Ar
OH
O
+ ArCHO
(S)-proline (10 mol%)
cyclic carbonate
(solvent), r.t., 24 h
O
Ar
OH
chemical yield 12-99%
up to 100% de
up to 99% ee
chemical yield 58-97%
up to 85% ee
 
